GdX, also named ubiquitin-like protein 4A, is a ubiquitin-domain protein characterized by a ubiquitin-like domain that regulates the movement of misfolded proteins from the endoplasmic reticulum membrane to proteasome. However, its function in skeletal biology remains unclear.
| INTRODUCTION
The skeleton is a highly dynamic organ that remodels and regenerates in response to biomechanical stress and physiological trauma. 1 During embryogenesis and early postnatal development, these activities are uncoupled to enable rapid bone matrix production and growth in response to high metabolic demand, a process termed bone modelling. 2, 3 The progress in understanding the transcriptional cascades that control skeletogenesis, the posttranscriptional events that drive bone modelling are not well understood. [4] [5] [6] GdX (also known as UBL4A in mammals or Get5 in yeast) is a housekeeping gene located on the X chromosome. The human GdX gene contains 4 exons and encodes a protein of 157 amino acids. 7 A structural analysis revealed that GdX is a ubiquitin-domain protein as it contains a ubiquitin-like domain in the N-terminus. Moreover, GdX has a C-terminal domain that is homologous to the C-terminal hormonogenic site of thyroglobulin. 8 Although GdX contains a ubiquitin-like domain at its N terminus, it lacks ubiquitination activity. The function of GdX in mammalian cells is similar to the function of its yeast homologue Get5. 8 Get5 forms a sorting complex with Get4 to assist Get3 in accepting newly synthesized tail-anchored proteins from the ribosome in the yeast. It also interacts with the transmembrane domains of newly released tail-anchored proteins as they are delivered to the ER. In mammalian cells, a "holdase" complex, consisting of Bag6 with cofactors GdX and Trc35, controls the movement of misfolded proteins across the endoplasmic reticulum (ER) membrane to target the cytosolic proteasome. We have generated a
GdX null mouse line. 9 Others also reported that the GdX null mouse display increased neonatal mortality and defect in liver glycogen synthesis. 10 Interestingly, we observed that GdX null mice appeared significant tumorigenesis in an azoxymethane/dextran sulfate sodiuminduced colon cancer model. 11 We revealed that GdX specifically stabilized the TC45/STAT3 association and promoted dephosphorylation of STAT3 to repress tumorigenesis. 12 However, the role of GdX in skeletal biology is not known.
In this study, we identify GdX as an essential regulator of postnatal osteoblast maturation. Our results establish a critical role for GdX in osteoblastic bone formation and suggest that mutations in human GdX may cause skeletal dysplasias and other degenerative bone disorders.
| MATERIALS AND METHODS

| Mice and primary cell culture
All animal studies were performed in accordance with guidelines of the Animal Care and Use Committee of Tsinghua University. The
GdX knockout mice were generated by our lab. 11 The KO homozygous mice were obtained by breeding GdX −/+ and male GdX −/y mice.
GdX
−/− mice were maintained as homozygotes on the C57BL/6 genetic background. GdX knockout mice were genotyped by polymerase chain reaction (PCR) using the primers F: 5-GACCGTTGGTGTTT GCGTTG-3 and R: 5-GAGTGAAGCACTGCAGC ATCTG-3; the wildtype (WT) allele generated a 520-bp band, whereas the GdX exon 2-deleted allele generated a 300-bp band. The mice were housed 
| Cell culture and qRT-PCR
Primary BMSCs prepared from the femurs and tibias of 4-week-old
GdX knockout mice or WT control mice were suspended in MesenCult MSC basal medium. The MSCs for experimentation were passaged no more than 3 times. For BMSCs, RNA was isolated by using TRIzol reagent, then reverse-transcribed by oligo (dT) and Superscript II reverse transcriptase (Invitrogen, USA). The cDNAs were amplified by using SYBR green supermix with ROX (6-carboxy-X-rhodamine). ® -Actin amplification was used as an internal reference for each sample. All quantitative PCR primer sets were purchased from Invitrogen
Corporation. Thermal cycling conditions were 95°C for 10 minutes followed by 40 cycles consisting of 95°C for 15-second denaturation, 60°C for 3-second annealing, and 72°C for 30-second extension. Comparative quantitation was performed by using multiple biological replicates that were analysed in triplicate with the same untreated WT sample designated as the calibrator across different independent experimental runs. Statistical significance was evaluated by an unpaired t test, assuming significant association at P < .05 compared with control samples.
| Staining of the skeleton and micro-CT scanning
The mice were dissected and fixed in 100% ethanol overnight. The tissues were stained with Alcian blue followed by Alizarin Red S solution according to standard protocols. Eight-week-old GdX knockout and WT mice were analysed by using a micro-CT system (μCT40, Scanco
Medical, Bassersdorf, Switzerland).
| Histology and immunohistochemical staining
Bone tissue samples were washed and decalcified for 3 weeks. The tissue sections were dehydrated in a graded series of ethanol at room temperature. Samples were embedded in paraffin and sectioned at 5 μm. Sections were deparaffinized in xylene and rehydrated by using a graded ethanol series. Sections were stained for cartilage formation with 0.5% (wt/vol) Alcian blue (Sigma, A9186) and 0.1% (wt/vol) nuclear fast red (Sigma, N8002) or were stained with haematoxylineosin (Sigma, H9627, E4009) according to standard procedures for histological analyses. Histological sections were analysed by using a light microscope (E600; Nikon).
| Statistical analyses
All data are expressed as the mean with standard deviation. The significance of the differences between GdX knockout and WT BMSCs was determined by the Mann-Whitney U test; p < 0.05 was considered significant.
3 | RESULTS
| GdX-deficient mice display developmental dysplasia in bone
To further investigate the biological functions of GdX, we continued to generate GdX -deficient mice and found that 10% of the mice were smaller in body size compared with WT mice. The surviving GdX knockout newborns, however, appeared to be normal despite modestly lower body weight and slower growth rate ( Figure 1A-C) .
GdX knockout mice display severe abnormal spinal curvature ( Figure 1D ). To determine if the smaller body size and abnormal spine of GdX knockout mice were caused by congenital dysplasia of the bone, we performed micro-CT scanning and found that GdX wild-type and GdX knockout mice knockout mice had typical mild scoliosis and kyphosis ( Figure 1D ).
These phenotypes of GdX knockout mice are similar to osteogenesis imperfecta in human. Thus, these defects in bone development may contribute, at least in part, to the reduced birth rate and growth retardation in GdX knockout mice.
| Characterization of the bone dysplasia phenotype in GdX-deficient embryos
Alizarin red and Alcian blue double staining of E16.5 and E18.5 mouse skeletons revealed a smaller skeleton size in GdX knockout mice compared with the WT mice (Figure 2A ). The degree of mineralized bone in calvarias was low in E16.5 of GdX knockout embryos ( Figure 2B) . Apparently, the degree of ossification of vertebrate was also lower than in WT mice ( Figure 2C ). The ossification process was incomplete in the phalanx in GdX knockout mice ( Figure 2D ). The radius and ulna were shorter in GdX knockout embryos. The gap between the radius and ulna was large in GdX knockout embryos.
However, the gap between clavicle and scapula was smaller in GdX knockout embryos compared with that of WT embryos ( Figure 2E ).
Von Kossa and histological staining showed that bone mineral density was decreased in GdX knockout mice compared with WT mice ( Figure 2F ). Skeletal staining with Alizarin red and Alcian blue revealed that mineralization was markedly reduced in GdX knockout embryo skeletons.
The growth plate is a developmental centre that integrates many signalling pathways to regulate the patterning and growth of long bones. As cells progress through the growth plate, moving from the epiphysis of the long bone toward the diaphysis, their shape and function change drastically. To distinguish whether skeletal dysplasia occurred as a consequence of an abnormal growth plate, we examined the growth plate of GdX knockout mice by using histological staining. The results showed that the width of the tibial epiphysis and the length of the tibia were not significantly affected over Figure 3A) . Histologically, cell density was increased in the resting zone and proliferative zone of GdX knockout mice, with no changes in the hypertrophic zone ( Figure 3B ).
| Mice lacking GdX have reduced postnatal bone acquisition
To determine the importance of GdX in postnatal bone development, we analysed the skeletal phenotype of mice lacking GdX. X-ray images FIGURE 4 X-ray and micro-CT scanning analysis of femurs in wild-type (WT) and GdX knockout mice. (A) Comparison of long bone between WT and GdX knockout mice by X-rays. In both 2-week-old and 24-week-old mice, the bone density of GdX knockout mice was lower than that of WT mice, and the cortical bone of WT mice (yellow arrows) was wider than that of GdX knockout mice (red arrows). The trabecular bone under the growth plate in GdX knockout mice (between red arrowheads) was shorter than in WT mice (between yellow arrowheads). (B-E) 3-dimensional microstructural analysis of long bone and trabecular bone under the growth plate from 2-week-old to 24-week-old mice by micro-CT. Osteoblast parameters were analysed for both wild-type and GdX knockout mice. These parameters include bone volume divided by total volume, bone surface divided by bone volume, trabecular number, trabecular spacing and bone mineral density, and bone mineral density indicated that the bone density of GdX knockout mice was lower than that of WT mice at 2 4, 8, and 24 weeks ( Figure 4A ). The chondrocyte number and morphology in the articular cartilage of GdX knockout mice also changed. The tidemark (between the red and yellow areas)
indicated that the mineralization of articular cartilage was accelerated by deleted expression of GdX. In addition, a decrease in both cortical bone thickness and the length of trabecular bone was observed (distance between 2 arrowheads).
Obvious trabecular bone loss was observed in both the secondary ossification centre and the metaphysis area ( Figure 4B ). The loss of GdX in osteoblasts dramatically impaired postnatal trabecular bone acquisition ( Figure 4B-E) , whereas the control mice accumulated trabecular bone to maximal levels by 8 weeks ( Figure 4D ). The mice lacking GdX failed to accumulate trabecular bone as trabecular bone volume (BV/TV) was decreased by more than 35% in GdX knockout mice compared with controls at both 2 and 4 weeks ( Figure RT-QPCR quantitation of osteogenic differentiation-related genes from the long bone of wild-type and GdX knockout mice mineral density in GdX knockout mice was secondary to a reduction in the trabecular thickness. The differences between these 2 groups were more obvious in 4-week-old bones ( Figure 4C ).
| Differentiation is perturbed in GdX knockout osteoblasts
To address how GdX affects the bone formation, we determined to analyse the osteoblast differentiation. Alizarin red staining showed that the osteogenic differentiation of BMSCs was delayed after GdX was deleted, as shown by decreased mineralization (Alizarin red S), but the GdX knockout cells had increased accumulation of sulfated glycosaminoglycans (Alcian blue) ( Figure 5A ). The expression of RUNX2 measured by IHC is decreased in tibia of GdX knockout mice ( Figure 5B ).
To reveal gene expression changes, RNA was isolated from the femurs and tibias of GdX knockout and WT mice. Real-time PCR experiments showed the upregulated expression of chondrocyte cell marker genes including Sox9, Acan, and Col2a in GdX knockout mice ( Figure 5C ) and altered expression of osteogenic genes with downregulated expression of RUNX2, OSX, and BPS and upregulated expression of Col1a and OCN ( Figure 5D ). These data demonstrate that loss of GdX leads to the dysregulation of osteoblast and chondrocyte differentiation from MSCs, suggesting that GdX activity is required for the normal progression of osteoblast and chondrocyte differentiation from MSCs.
| DISCUSSION
Skeleton development is regulated tightly at the obsteoblast and chrondrocyte differentiations. 13, 14 Many genes have been identified during this process. However, it remains to uncover the whole regulation system for the development of the skeleton. In this study, we provided evidence that GdX plays an important role to balance the osteoblasts and chondrocytes. The most conspicuous feature of the GdX-deficient phenotype is its acute onset, progressing from a developmentally delayed but intact skeleton at birth to severely impaired bone formation. Coincident with skeletal abnormality, we uncovered an abrupt failure of altered differentiation of osteoblast and chondrocyte mesenchymal cell lineage from MSCs in GdX knockout mice.
Our results identify GdX as a new regulator that controls osteoblast activity and promotes bone formation. This conclusion is supported by the following evidence. First, GdX knockout mice showed a series of skeletal dysplasia phenotypes, which were similar to osteogenesis imperfecta in human. Second, bone development abnormalities have emerged from the embryonic stage of GdX knockout mice.
The expression of osteoblast-related genes and cartilage genes was altered in GdX KO long bone tissues. Third, ER was extended and extracellular matrix fibres were decreased in the growth plates of GdX knockout mice.
GdX has been implicated to play important roles in a broad range of BAG6 complex disorders. 15, 16 The BAG6 complex facilitates the ER-associated degradation of certain aberrant membrane proteins and the ubiquitination and degradation of mislocalized membrane and secretory proteins that fail to reach the ER and remain in the cytosol. 17, 18 However, it was also showed that GdX interacted with Arp2/3 in membrane ruffles and lamellipodia and eventually influenced insulin-induced Akt plasma membrane translocation. 10 Interestingly, we previously observed GdX associated with STAT3 to mediate its dephosphorylation. 12 Recently, GdX is reported to regulate the migration of fibroblasts and macrophages. 19 In this study, we found that deletion of GdX repressed osteoblast formation and increased the chrondrocyte differentiation. As we have demonstrated that the genes that regulate osteoblasts and chondrocytes were significantly changed after GdX was deleted, it remains unclear how GdX participate in the process. It is possible that GdX and BAG6 may underlie a general mechanism that is required for the ubiquitin-dependent degradation of aberrant nascent chains upon their release from the ribosome, especially in the osteoblast and chondrocyte differentiation process.
Noticeably, GdX null mice exhibit mild kyphosis and scoliosis in adult. This would be in part due to the skeletal dysplasia and osteogenesis imperfecta GdX null mice. However, it remains to be determined if
GdX plays an independent role in the development of scoliosis in mice and is associated with human scoliosis.
